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Microtubule nanotubes are found in every living eukaryotic cells; these are formed by reversible
polymerization of the tubulin protein, and their hollow ﬁbers are ﬁlled with uniquely arranged water
molecules. Here we measure single tubulin molecule and single brain-neuron extracted microtubule
nanowire with and without water channel inside to unravel their unique electronic and optical properties
for the ﬁrst time. We demonstrate that the energy levels of a single tubulin protein and single microtubule
made of 40,000 tubulin dimers are identical unlike conventional materials. Moreover, the transmitted ac
power and the transient ﬂuorescence decay (single photon count) are independent of the microtubule
length. Even more remarkable is the fact that the microtubule nanowire is more conducting than a single
protein molecule that constitutes the nanowire. Microtubule's vibrational peaks condense to a single mode
that controls the emergence of size independent electronic/optical properties, and automated noise
alleviation, which disappear when the atomic water core is released from the inner cylinder. We have
carried out several tricky state-of-the-art experiments and identiﬁed the electromagnetic resonance peaks of
single microtubule reliably. The resonant vibrations established that the condensation of energy levels and
periodic oscillation of unique energy fringes on the microtubule surface, emerge as the atomic water core
resonantly integrates all proteins around it such that the nanotube irrespective of its size functions like a
single protein molecule. Thus, a monomolecular water channel residing inside the protein-cylinder displays
an unprecedented control in governing the tantalizing electronic and optical properties of microtubule.
& 2013 Elsevier B.V. All rights reserved.1. Introduction
In spite of incredible claims, the carbon nanotube could not
revolutionize the industry due to complicacy in isolating metallic
and semiconducting nanotube, and the DNA adventure (Dekker and
Ratner, 2001; Fink and Schönenberger, 1999; Rakitin et al., 2001;
Storm et al., 2001; Zhang et al., 2002) turned critical due to its
extreme conformational-ﬂuctuations on the atomic scale. The 25 nm
wide and from 200 nm to 25 μm long microtubule nanotube stores
cellular dynamics codes as doped drugs inside its main constituent
tubulin protein similar to ATGC that stores DNA's genetic code.
Nature has a catalog of microtubule's cellular code, in all eukaryotes,
plants, animals, fungi and Protista kingdom for 3.5 billion years. It
forms a complex network inside neurons and living cells controllingll rights reserved.
ay).fundamental life functions via massively parallel and hierarchical
information processing (Barabási and Albert, 1999; Butts, 2009;
Gerhart et al., 1997; Moriya et al., 2001; Song et al., 2005; Strogatz,
2001). Since single tubulin and microtubule properties were never
studied extensively, here we cater state-of-the-art technologies to
unravel the electronics and information processing in these systems
(Mange and Tomassini, 1998; Sipper, 2002; Teuscher et al., 2003;
Zhang and Gao, 2012). As microtubules are dipped into an extremely
noisy cellular soup (Braun et al., 2003; Roberts et al., 2011; Shibata
and Ueda, 2008; Szendro et al., 2001a, 2001b), the properties studied
therein contain artifacts, while noise-free bio-material studies are
irrelevant to real bio-systems (Roberts et al., 2011). Yet, microtubule is
a rigid elastic string unlike DNA and its composition of lattice
mixtures is many folds more resourceful than carbon nanotube with
no isolation issues—a prime candidate for the state-of-the-art inves-
tigations to unravel its embedded nanotechnologies.
The naturally produced drug molecules were automatically
doped inside the tubulin protein to add unique properties to the
S. Sahu et al. / Biosensors and Bioelectronics 47 (2013) 141–148142microtubule while keeping the original properties intact. During
design and construction of microtubule for a particular species
following this route (Nielsen et al., 2010, 2006; Redeker et al.,
2004), the microtubule structure remained unchanged. The origin
of this ﬂexibility is unknown. Moreover, the fusion of DNA-like
coding via drug-molecules and carbon nanotube like modulation
of property by changing lattice parameters requires identiﬁcation
of its true nano-material class. Consequent theoretical predictions
of its remarkable properties (Sahu et al., 2011) were not
veriﬁed experimentally. In this ﬁrst comprehensive documenta-
tion, we underpin both the fundamental and the applied poten-
tials of this nanotube. We compare single tubulin and
microtubule's properties when water channel resides in its core
and then after releasing the water in a controlled manner. The
water channel couples helically wrapped tubulins such that even
though microtubule is a complex composition of several distinct
structural symmetries only the single tubulin property deﬁnes the
microtubule property.
Protein is a single chain polymer, but folds into various patterns,
called secondary structures; switching of these structures into an
astronomically large number of combinations is restricted via
allowed and blocked symmetries. Tubulin protein has two parts,
α and β, both appear similar, connected face-to-face, see Fig. 1a.
They assemble in a hexagonal close packing into a 2D sheet which
folds into a hollow cylinder wrapped around a water channel
(see Fig. 1a).Fig. 1. Optical properties of tubulin and microtubule: (a) Structure and basic parameters
(CEES) of tubulin (left), microtubule (middle) and extracted energy level transitions in
transitions are two distinct transitions seen in CEES. (c) The three peaks of the CEES spec
over time. Excitation and emission points are N (274 nm, 330 nm), O (274 nm, 671 nm) an
of the microtubule, measured and plotted similarly as tubulin.(For interpretation of the
this article.)2. Results and discussion
2.1. Identical energy levels of tubulin protein and microtubule
Since combined excitation emission spectroscopy (CEES) pro-
vides ﬂuorescence as a function of excitation and emission, the
exact peak locations are identiﬁed, from which the allowed
energy-level transitions in tubulin protein and microtubule were
calculated (Fig. 1b). By density-variation-CEES-study, the threshold
density 60 μM/ml is determined at which tubulin proteins and
microtubules start interacting with each other, synchronously. So
tubulin and microtubule solution were kept at a very low density
(o10 μM/ml) (Dierolf and O’Donnell, 2010; Dierolf and Koerdt,
2000). Due to synchronization, ﬂuorescence intensity oscillates
periodically; onset of such oscillation in tubulin solution is shown
in Fig. 1c. For microtubule solution, periodic oscillation disappears
at lower than its threshold density (Fig. 1d). Identical energy level
transitions of a single tubulin dimer and microtubule (Fig. 1b right)
are the outcome of an unprecedented phenomenon. The remark-
able fact that 30,000–40,000 dimers assemble into microtubule
without changing the fundamental energy levels depicts that the
energy levels of all tubulins interact but do not modify the levels in
the polymer form. Band theory of metal, insulator or semiconduc-
tor is not applicable here, since two distinct transitions in Fig. 1b,
eventually converge to the same levels so that emissions are
always the same irrespective of the energy absorption in a singleof a single tubulin and microtubule. (b) Combined excitation emission spectroscopy
the right (tubulin and microtubule have similar energy levels). Green and blue
trum of tubulin are individually pumped, decay in total emission-intensity is plotted
d M (561 nm, 330 nm). (d) Temporal relaxation of three peaks of the CEES spectrum
references to color in this ﬁgure legend, the reader is referred to the web version of
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tubulin as strong candidates for the spontaneous noise alleviation.
2.2. Binary condensation of vibration and non-linear ultra-fast
relaxation
The optical study shows that external energy pumped into
different levels converge into one similar to the energy condensa-
tion (Mesquita et al., 1993; Moskalenko et al., 1980; Rotaru et al.,
1999), one could alternately model this behavior with fractured
band structure (Grigor’kin and Dunaevskiĭ, 2007; Michalski and
Mele, 2008; Prodan and Prodan, 2009). The temporal relaxations
for three ﬂuorescence peaks for 900 s suggest that for tubulin and
microtubule, even intensity variation follows the same trend; in
the absence of synchronization, it is an exponential decay process.
Microtubule's synchrony is a profoundly documented phenom-
enon (Ahmad et al., 1994; Carlier et al., 1987), an optical study
suggests that tubulin's global synchrony-behavior encompassing
all proteins is responsible for the observed properties of protein-
built polymer microtubule. In other words, the incredible micro-
tubule properties are encoded in the structure of the tubulin
protein.
Fig. 2a shows that increasing the intensity of LASER power
increases the emission linearly for tubulin. Therefore, neither single
tubulin-dynamics survives for long, nor does it demonstrate any
non-linear properties. However, similar studies with microtubule
show that the emission intensity increases non-linearly, which
means that the pumped energy vibrates all tubulins in the micro-
tubule to a particular energy level that does not allow absorption ofSurface profile
Time evolution
600 22
600 2200
Raman shift (cm-1)
Single MT
Fig. 2. Raman and single photon count (TCSPC) studies: (a) With the increasing laser
microtubule; the arrow shows increase in emission intensity. Inset shows a comparativ
(black). We have calculated Q-factor or ratio of peak to the full width half maxima (FWH
spectrum) and (c) Raman spectrum for microtubule (blue, Si) in solution dropped on a Si-
in a four-probe device (inset, shownwith white circle). Each pixel on this 2D plot represe
time (the green 2D plot, time increases top to bottom) in the range 600–2200 cm−1. (e
tubulin (open circle) and microtubule (red line); is ﬁtted with four exponential functio
(For interpretation of the references to color in this ﬁgure legend, the reader is referredenergy from outside, eventually, microtubule emits entire energy
imparted to it. Literatures argue that non-linearity suggests optical
cavity (Agarwal et al., 2005; Jelínek and Pokorný, 2001; Oulton
et al., 2008; van Vugt et al., 2009), therefore, the correlation
between condensation of energy levels and the cavity effect need
to be carefully articulated. This particular ﬁnding supports our CEES
observation that band structures of tubulin and microtubule are the
same. The tubulins couple inside microtubule synchronously alle-
viating the noise or excess energy injected into it and at the same
time, coupling induced energy level condensation deﬁnes the
property of a single tubulin as the property of entire microtubule
(except the relaxation time). Raman spectrum underpins the
molecular origin of synchrony in tubulin and microtubule. Particu-
lar vibrational peaks of tubulin (Audenaert et al., 1889) survive in
microtubule (Fig. 2b and c) along with the new atomic vibrations
characteristic of a microtubule. The additional vibrational modes of
microtubule are related to the elastic string properties. The elastic
atomic residues located in the tubulins and distributed all over the
microtubule oscillate in harmony to transport and drain out excess
energy; this contributes to identical energy transmissions in the
CEES spectrum.
In the 2D surface Raman proﬁle of a single microtubule (Fig. 2d),
particular vibrational frequency is assigned a particular color, thus,
localizations of two similar colored dots, red and green exhibit the
convergence of vibrational energy into two particular regions. Thus,
the distribution of red and green dots along the microtubule length
conﬁrms that the vibrations surviving for pico-seconds and nano-
seconds are homogeneously distributed all over the length of the
microtubule, tubulins are coherently vibrating. Finally, in Fig. 2(e)10 20 30 40
0
2k
4k
6k
8k
10k
C
ou
nt
 (p
ho
to
n 
nu
m
be
r)
Time (nanosec)
 Microtubules
 Tubulin
00
power, excitation (276 nm)-emission spectra are plotted for the 20 mM solution of
e plot of intensity variation with laser power for tubulin (green) and microtubule
M) for all laser exposure (red). (b) Raman spectra for tubulin (blue, Si surface blank
substrate. (d) 2D Raman proﬁle on a single microtubule pointed with a white arrow
nts a Raman plot shown below; several such plots were measured successively with
) The measured TCSPC data obtained with 259 nm excitation, 330 nm emission for
ns, t1 is ∼0.3 ns, t2 is ∼2 ns, t3 is 5–6 ns, t4 is neglected as it is in micro-seconds.
to the web version of this article.)
Fig. 3. STM studies of a single tubulin and single microtubule: (a) The STM image of a single tubulin at þ2 V, 50 pA, the scale bar is ∼1.8 nm, the line shows where current–
voltage (IV) was measured. (b) IV characteristics across single tubulin protein (1 ms delay, 1 ms stabilization time), the trace color and dots on the tubulin STM image are kept
same. Inset shows a dI/dV plot using lock in ampliﬁer, frequency∼1 kHz. (c) IV characteristics on a single microtubule þ2.7 V, 10 pA, across the points shown in the STM
image of microtubule (shown in inset top), scale bar ∼150 nm. Number denotes measurement sequence, blue and green plots correspond to massive current ﬂow on the
microtubule. AFM image is shown in inset below, the scale bar is ∼25 nm. (d) STM images of microtubule edge (þ2.7 V, 10 pA; left, scale bar ∼20 nm) and isolated
protoﬁlaments (þ2.7 V, 10 pA; right, scale bar ∼7 nm). (e) Transmission Electron Microscope (TEM) image of a ruptured microtubule whose water channel is released.
(f) TEM image of a single microtubule when water channel exists, one can see horizontal fringes.(For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
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microtubule and tubulin protein to ﬁnd that the relaxation times
in the nano- and pico- second domains are also identical. During
optical measurements in solution microtubule length was approxi-
mately 1–2 μm, since 1 μm long microtubule has 1625 tubulin
dimers, hence experimental evidences conﬁrm that even after
assembling into microtubule the energy levels and the relaxation
behavior of tubulin protein do not change.
2.3. Tunneling image and atomic resolution study of single tubulin
and single microtubule with and without water
We begin the electronic study with tubulin protein imaging. Only
HOPG isolates single proteins during adsorption. Sometimes, two
single protein dimers are paired; by rotating the STM tip-scan angle
(Fig. 3a) tubulins were separated. To measure the electronic property,
tubulin molecules were immobilized on the HOPG substrate at 77 K.
As standard protocol, the current voltage characteristic (IV) was ﬁrst
measured on the HOPG substrate, then on the single tubulinmolecule and ﬁnally the STM tip was moved back to the substrate
and measured IV again. The cyclic process was repeated to conﬁrm
reproducibility. Fig. 3(a,b) shows how IV is measured along the length
of a single tubulin dimer to ﬁnd that the central region of the dimer
suppresses the conductivity signiﬁcantly. This is an interesting
observation, while studying single molecules it is always observed
(Bandyopadhyay et al., 2006, 2010; Bandyopadhyay and Wakayama,
2007) that the tunneling conductivity between the substrate and the
STM tip is less than that measured across the molecule. However, this
is just opposite for the tubulin protein. Since, to the best of our
knowledge this is the ﬁrst report of electronic property for a single
protein unit, therefore, it is not possible to conﬁrm at this point,
whether this is a general feature of the proteins or it is typical for the
tubulin protein. However, in spite of insulation by 4 nm tubulin the
remarkable electronics of 25 mmwide microtubule (Pizzi et al., 2011;
Priel et al., 2006) is a crucial transformation since one should not
expect any tunneling at all.
The IV of single tubulin molecule suggests that it is insulating,
but current increases linearly with the increasing bias. Since
S. Sahu et al. / Biosensors and Bioelectronics 47 (2013) 141–148 145linearity suppresses the normal exponential behavior, it suggests
ﬁltering of the current by the single protein molecule. For the ac
measurement, the STM feedback loop is switched off (Oulton et al.,
2008), using external circuit single tubulin ac conductivity is
measured, which is much lower than the dc conductivity. The
differential dI/dV output shows multiple non-linear current beha-
viors in the inset of Fig. 3b, reﬂecting its capacitive storage
properties. By varying the tip bias during STM scanning it is seen
that the contrast changes homogeneously over α and β tubulins,
therefore, the charge that constitutes tubulin potential is always
homogeneously delocalized all over the protein structure.
To get microtubule we reconstitute Porcene brain neuron extracted
tubulins as described in Section 3. An extensive AFM and STM
measurements are carried out on the SiO2 and HOPG surfaces
respectively. Single tubulin protein is an insulator but single micro-
tubule is 1000 times more conducting as shown in Fig. 3c. To
understand the reason, the UHV condition is sustained at 77 K as
water molecules are released from the microtubule core—a typical end
part of a water-extracted microtubule is shown in Fig. 3d. Water-
extracted microtubule behaves like an insulator as shown in Fig. 3d
(right), therefore, the interstitial water channel inside microtubule is
solely responsible for the 1000 times more conductivity than tubulin.
The large tunneling current across 25 nmwide microtubule (insulator)
is not via tubulin-water-tubulin route, the water core should act as a
current source by storing charges. Dried microtubule does not show
energy levels identical to tubulin protein, therefore, the water channel
holds the proteins in a mechanism that does not allow splitting of
energy levels of tubulins.
Microtubule solution is dropped on the SiO2 substrate and four
electrodes are grown on top of it as shown in Fig. 4a so that the
longitudinal conductivity and other electronic measurements are
carried out (Makarovski et al., 2007; Samitsu et al., 2005; Walton
et al., 2007; Zheng et al., 2004). During four probe measurements
since current is sent from outer two electrodes and voltage drop is
measured across the two central electrodes, the 300 MΩ contact
resistance is nulliﬁed, and the measured resistance drops below
1MΩ (Park, 2011). To understand the localized density of states onFig. 4. Electronic studies of single microtubule with two-probe and four-probe: (a) Th
electrodes are to be grown, (b) Maximum bias variation, during IV-scan, all measured a
cooling and heating, temperatures are noted inset. (d) The temperature is increased
microtubule surface is shown at right. (e) Transmission loss against a ∼300 MΩ resistan
9.8 MΩ.the microtubule, it is imaged at 77 K at different tip biases to ﬁnd
that electron density (Bandyopadhyay and Acharya, 2008; Smith
et al., 1990) is homogeneously distributed over the entire proto-
ﬁlament and any induced potential ﬂuctuation is delocalized all over
the length (Fig. 3d (right)). The delocalization feature is responsible
for four-probe unique conductivity, and automated noise manage-
ment; again, delocalization disappears if water channel is removed.
Then, at a higher bias 42 V, proto-ﬁlaments disintegrate in one scan.
In the atomic force microscope (AFM) measurement, protoﬁlaments
do not break apart. In the AFM images, only helical tubulin rings are
visible, while STM images show only longitudinal protoﬁlaments,
whenwater is inside, otherwise, it is a disintegrated mass of proteins.
This suggests that the water channel (Fig. 3c inset) controls micro-
tubule's internal conductivity and force modulation. In TEM, both
helical ring and longitudinal fringes due to the water channel are
visible, if water channel is released the fringes disappear and rings
split (Fig. 3e, f).
2.4. Four-probe electrode based electronic measurement of single
microtubule device
The challenges associated with the microtubule's IV measure-
ment are discussed in the supporting online materials (Minoura
and Muto, 2006). Here we compare two cases (i) the device is
earthed and (ii) under ﬂoating condition, which estimates the
amount of charge storage at the junction. Microtubule exhibits
a perfectly square hysteresis behavior (Fig. 4a,b) (Damjanovic,
2006), it means the dipole moments of tubulin proteins rotate
synchronously by ±231, which plays a vital role in switching the
conductivity or memory states. The hysteresis area increases with
the maximum applied bias during an IV measurement, however,
the ﬂat region does not disappear, and the ﬂatness suggests an
alleviation of noise. The ﬂatness originates during normalization,
the raw data suggest a small-angle slope in IV. Fig. 4c shows that
the square-nature survives even under extreme noise. However,
when a current source is used to measure IV, the device does not
show the square IV feature; beyond a certain input current, thee AFM image of a typical device design is shown, Au 200 nm wide 200 nm high
t 71 K. (c) Bias and temperature variation of memory-state measured by random-
70–300 K at 1 K/min and conductivity variation is plotted, dipole distribution on
ce, due to microtubule resonance plotted as a function of frequency shows a dip at
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unique polarization beyond a threshold charge injection. The
dielectric studies on single microtubule device suggest that
microtubule has extremely large charge density 4.3 e/Å (Sanab
ria, 2005). This value is 106 times more than the conventional
inorganic semiconductors and 102 times lower than any metal,
therefore, classifying microtubule as metal, insulator or semicon-
ductor is incorrect (for the details of single microtubule conduc-
tivity measurement, see supporting information online). Thermal
noise ﬂips the encoded conductivity of a single microtubule rand
omly, however, above 0.1 K/min heat injection, the conductivity
oscillates as shown in Fig. 4d. Thus, microtubule's automated noise
alleviation has a limit, under an extreme noise it is programmed to
oscillate around the encoded conductivity.
2.5. Automated noise alleviation and ac response of single
microtubule device
Themost critical challenge to study ac response (Egard et al., 2010;
He et al., 2008) of a nanotube is the normalization (see Fig. S2(a–e)
online, detailed ac characterization is discussed online). Fig. 4e shows
that even ac power transmission is independent of the length of
the microtubule. Since proteins have incredibly large number of
transmission-channels and only a few respond under typical mea-
surements. Accurate identiﬁcation required measuring the same
resonance peaks via different experimental setups, thus, statistically
dominant peaks were isolated as the most probable resonance peaks
by checking thousands of noise and actual peaks one by one. The
measurement of microtubule ac resonance requires a shielded
environment as shown in Fig. 5a. Three distinct circuits were used
as shown in Fig. 5b–e. Fig. 5b shows a circuit that sends ac signal
to the microtubule and then measures the dc resistance loss, the
frequency causing sharp increase in conductivity is the resonance
peak. Using Fig. 5c circuit, the transmittance and reﬂectance of
microtubule are plotted between 1 KHz and 20 GHz, therein at
particular frequencies, the transmittance is large. At these particular
frequencies, the microtubule sends ac signal with almost no resis-
tance (much less than 0.04Ω). In Fig. 5d, e the transmittance
measurement is repeated, however, the ac input signal is bifurcated
using paired electrodes to induce an additional capacitive effect, so
that the contact effects of pseudo capacitive and inductive elementsFig. 5. Resonance studies of a single microtubule device: (a) An electronically shielded
detection. (c) Resonance peak measurement circuit for transmittance and reﬂectance me
(e) Electronic circuit for bifurcated-electrode based resonance measurement. (f) Resistanc
a function of frequency measured from 1 kHz to 1.3 GHz. Statistically most-occurred peare nulliﬁed. Three circuit outputs are shown in Fig. 5f, the common
peaks are taken into account as absolute resonance peak. Note that
there are several harmonics for each peak and if water channel is
released, no resonance peak is observed for the single microtubule.
2.6. Multiple comparative measurements of resonance band of single
microtubule
With the eight primary resonance peaks, the microtubule is truly
a vibrating resonant string (Jelıńek et al., 1999; Jelínek and Pokorný,
2001) and this vibration survived when we dipped microtubules
in serum, hence living cells will exhibit these features. Microtubule
develops a positive and a negative polarity, and automatically
generates a potential gradient across its length, as a result, its
resistance differs if we use positive or negative voltage to measure
conductivity (Tran et al., 1997). In trillions of cells inside our body,
this particular electric ﬁeld gradient along with autto-watt power
(1 fA, 90 mV) drive microtubules in a complex pattern to execute
several tasks, an additional MHz source could externally tune the
dynamic instability, which is the signature of several diseases. From
the comparative study of tubulin protein and single microtubule, it is
evident that if the nature changes only one property of a single
tubulin, the property of entire microtubule would change. It enables
nature to add a particular single molecule to tubulin to create cells of
a species that survive −30 1C or change the doped molecule to enable
it surviving at 60 1C for other species, and this practice is visible in
the plant, animal, fungi and Protista kingdom, but remained unno-
ticed. Microtubule is a generic platform in which nature has
synthesized peculiarities of robust species living around us.3. Experimental section (details in the supporting online
material)
Microtubules are extracted from Porcine's brain by Cytoskele-
ton (Denver, CO), we purchased tubulin protein including all
associated tubulin-to-microtubule conversion kits, and reconsti-
tuted microtubule in our laboratory. Puriﬁed microtubule subunits
(tubulins) were preserved at −80 1C. To polymerize tubulin (Borisy
et al., 1975; Fygenson et al., 1994), into 6.5 μm long microtubules,
160 μl of Microtubule cushion buffer (60% v/v glycerol, 80 mMFrequency (MHz)
ΔR
12 20 22 30 101 113 185 204
six-probe electronic characterization setup. (b) Circuit for manual resonance peak
asurements of an ac signal. (d) Bifurcated-electrode based microtubule chip design.
e-loss for resonance measurements with three circuits noted with colored circles as
aks are noted above.
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general tubulin buffer (80 mM PIPES pH 7, 1 mM EGTA, 2 mM
MgCl2) and 10 μl of 100 mM GTP solution. This mixture is kept in
an ice bath for 10 min. From this mixture, 200 μl solution is added
to 1 mg of tubulin and again it is incubated in an ice bath for
10 min. Afterwards this stock is placed in an incubator at 35–37 1C
for 40 min. Now, to stabilize microtubules 20 μl of Paclitaxal
dissolved in anhydrous DMSO is added to the solution and it is
incubated for a further 10 min at 37 1C. The microtubule length is
tuned ∼4–20 μm.
To prepare ﬁlm, the solution is diluted 8 times using micro-
tubules cushion buffer and paclitaxol DMSO solution and dropped
on a 451 tilted Si (100) substrate and interdigited electrodes were
kept on a −20 1C bath overnight. An electric ﬁeld is applied across
the substrate for parallel alignment of the microtubules. The
excess microtubule solution is removed from the substrate using
a ﬁlter paper (Whatman), this is the best route to carry out STM
and AFM studies. Now the substrate is dipped into General Tubulin
Buffer and once again dried blowing N2 in the similar fashion. The
process is repeated twice. The substrate is placed in a refrigerator
for 3 h to dry out the surface partially. Reconstitution of α and β
tubulin into αβ heterodimer of dimensions 468065 Å3 is
conﬁrmed via UHV-AFM and UHV-STM with an atomic sharp tip
that has 0.01 Å tip, we also conﬁrmed the 13 proto-ﬁlaments in the
microtubules produced by Raman and STM/AFM imaging.4. Conclusion
We have studied Combined Excitation Emission Spectroscopy
(CEES) and Raman for single tubulin protein, microtubule nano-
wire with and without water to ﬁnd that the emission peaks in the
CEES plot as well as nano-seconds decay proﬁle of ﬂuorescence are
identical for isolated tubulin protein and the microtubule nano-
wire. Using AFM attached tip-enhanced Raman spectroscopy we
have determined that only a particular vibrational mode of the
microtubule is populated. These three results suggest that the
microtubule's optical and thermal vibrations are programmed
inside a single tubulin dimer, and that is eventually reﬂected
when we measure the single microtubule of any particular length.
To advance our conclusion further, we studied single protein
molecule and microtubule using STM and found that 25 nm
wide microtubule is more conducting than the 4 nm wide single
tubulin, which is signiﬁcant. If the water channel is released, the
microtubule becomes an insulator once again, thus, the water
channel controls the conductivity of the microtubule. If we
combine two conclusions noted above, water channel and protein
molecule together control the emergent properties of the
material, the only possible relation that could couple water
molecule and protein is an electromagnetic resonant oscillation,
so we measured ac resonance properties to ﬁnd a large number of
resonance peaks for the microtubule. In the future, we study these
resonance peaks for wireless communication, coherence and
synchrony, to understand the information processing in the
brain and in the living cell, to unravel a world beyond chemical-
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